Melt-processed and hot isostatically pressed (HIP) multi-phase waste forms produced. Significant differences in structure, morphology, and leach behavior observed. HIP temperature found to have substantial effect on sample properties. Melt processed sample exhibited lowest release rate for Cs and Rb. Hot isostatically pressed specimens showed greater Sr and Mo retention. C and hot isostatic pressing (HIP) at 1250 and 1300 C. X-ray diffraction analysis (XRD) confirmed hollandite as the major phase in all specimens. Zirconolite/pyrochlore peaks and weaker perovskite reflections were observed after melt processing, while HIP samples displayed prominent perovskite peaks and low-intensity zirconolite reflections. Melt processing produced specimens with large (>50 mm) well-defined hollandite grains, while HIP yielded samples with a more fine-grained morphology. Elemental analysis showed "islands" rich in Cs and Ti across the surface of the 1300 C HIP sample, suggesting partial melting and partitioning of Cs into multiple phases. Photoemission data revealed multiple Cs 3d spin-orbit pairs for the HIP samples, with the lower binding energy doublets likely corresponding to Cs located in more leachable phases. Among all specimens examined, the melt-processed sample exhibited the lowest fractional release rates for Rb and Cs. However, the retention of Sr and Mo was greater in the HIP specimens.
Introduction
Waste generated from the reprocessing of commercial used nuclear fuel (UNF) is conventionally immobilized in borosilicate glasses. The volume of research devoted to refinements in the vitrification of glass waste forms, and the resulting number of technological advancements achieved, have far outpaced those associated with other methods of waste immobilization [1] . However, certain fission products (e.g., Mo, Ru) and actinides have limited solubility in borosilicate glass waste forms [1, 2] . Furthermore, when exposed to the geothermal actions of water and/or humid air, glass waste forms have the potential to corrode, leading to the release of high level waste (HLW) elements into the biosphere [3] . The consequences of such a scenario have spurred research into the development of alternative waste forms, including multi-phase ceramics capable of immobilizing waste elements in durable (i.e., leach resistant) crystalline matrices.
Among the most extensively studied phase assemblages for use as a ceramic waste form is the SYNROC (i.e., synthetic rock) family of titanate ceramics, the design of which is built on the concept of simulating naturally occurring minerals that have immobilized radionuclides over geologic timescales [4e8] . The primary host for alkali metals, namely Cs and Rb, in SYNROC is the hollandite phase with the general formula Ba x Cs y (M 3þ ) 2xþy Ti 8-2x-y O 16 , where M is a trivalent transition metal cation [9] . Sets of edge-sharing (M 3þ ,Ti) O 6 octahedra in hollandite are joined at the corners to other edgesharing octahedra, resulting in the formation of tunnels capable of accommodating large alkali/alkaline earth elements [10] . The size of these tunnels is heavily influenced by the ionic radii of trivalent cations occupying octahedral sites; the substitution of M 3þ cations into the hollandite lattice (or the reduction of Ti 4þ to Ti 3þ during processing) has been shown to expand the tunnel size and facilitate Cs incorporation [11] . Furthermore, the ability of the hollandite structure to accommodate 137 Cs transmutation to 137 Ba via betadecay can be achieved through the reduction of Ti 4þ to Ti 3þ [12, 13] .
The target phases for the immobilization of Zr and actinides in SYNROC are zirconolite (CaZrTi 2 O 7 ) and pyrochlore (A 2 B 2 O 7 ), both of which are anion-deficient derivatives of the fluorite structure [14e17]. The structure of monoclinic zirconolite-2M can be derived by compression of the pyrochlore lattice along the [111] direction [18, 19] . While the capacity of lanthanides to form titanate pyrochlores is widely known, lanthanide substitution may also occur at Ca sites in zirconolite, with charge balance being maintained by the substitution of M 3þ ions at (Ti/Zr) 4þ sites [20, 21] . Furthermore, it has been reported that the introduction of multivalent actinide surrogates (e.g., Ce) facilitates transitions between different zirconolite polymorphs [22] . Immobilization of both lanthanides and alkaline earth metals is further achieved in SYNROC by targeting the formation of perovskite (ABO 3 ) phases [3, 23] . It is noted that perovskite and pyrochlore phases have been shown to form by the partitioning of zirconolite after extensive lanthanide loading [24] . Due to the high volatility of Cs, SYNROC-type assemblages are often fabricated via hot isostatic pressing (HIP) [25] . However, recent efforts have been focused on designing compositions based on a simulated waste stream that, when combined with suitable additives and melted, form crystalline hollandite, zirconolite, perovskite, and pyrochlore phases [26] . The multi-phase nature of these melt-processed ceramics allows for a broad range of different waste elements to be incorporated into tailored crystal structures, thereby providing an opportunity to broaden the available disposal options and lower waste treatment costs. Furthermore, the utilization of melters by several countries for the vitrification of HLW enhances the technological readiness of melt processing for multiphase ceramic waste form production [27] . When fabricating the waste forms, melt processing can also utilize liquid feeds, which reduce the potential for airborne radionuclide contamination (e.g. dusting) compared to traditional solid-state synthesis protocols.
The immobilization of Cs by incorporation into hollandite is one of the more difficult tasks encountered when melt processing multi-phase ceramics in air. In addition to its high-temperature volatility, Cs has a tendency to form water-soluble secondary phases and thus, the formulation of proper targeted hollandite stoichiometries is critical. Previous research on melt-processed ceramics has indicated that Cr plays a role in stabilizing the hollandite phase and promoting Cs incorporation into the structure [26, 28] . As a consequence of its refractory nature, Cr does not readily form Cs compounds, and the Cr 3þ ion is not prone to reduction. While Cr doping has been demonstrated to improve Cs immobilization in melt-processed ceramic waste forms, this work represents the first direct comparison of the structure and properties of melt-processed and HIPed multi-phase ceramics with the same target phase assemblage and Cr-doped hollandite composition.
In this study, multi-phase ceramic waste forms with identical targeted phase assemblages were produced via melt processing and HIP techniques. An investigation into the structure, morphology, elemental speciation characteristics, and leach behavior of the ceramics was subsequently conducted. It is expected that the findings of this research will facilitate the future development of both optimized processing protocols and more durable (i.e., leach-resistant) multi-phase ceramic waste forms.
Experimental procedure

Composition development
The targeted waste form composition investigated in this work was developed at Savannah River National Laboratory (SRNL) based on simulated waste streams devised as part of the Fuel Cycle Research and Development (FCR&D) program initiated by the United States Department of Energy (DOE) [26,29e32] . A multiphase ceramic with a target hollandite stoichiometry of Ba 1 
Processing and fabrication
Batch material in this work was prepared by mixing stoichiometric amounts of oxide and carbonate powders in 500 mL plastic bottles with zirconia milling media. The bottles were filled to approximately two-thirds capacity with deionized water and then agitated in a tumbler mixer for 30 min. Upon removal from the mixer, the resulting slurry was poured into stainless steel pans and allowed to dry for 24 h at 90 C. The dried material was ultimately utilized as feed stock in both melt processing and HIP procedures.
For the melt-processed sample, a Pt/10%Rh crucible containing 100 g of feed stock for the targeted composition was covered with an alumina lid and loaded into a furnace. The furnace was then heated from room temperature to approximately 1675 C at a rate of~5 C/min. After a dwell time of 20 min, the lid was removed and the temperature in the furnace was allowed to re-equilibrate (pouring is not possible if the lid remains in place, as the melt will solidify during the time it takes to remove the lid and attempt to pour the material). The contents of the crucible were subsequently poured into a stainless steel mold Once the melt had cooled and solidified, the crystallized material was stored for further analysis.
A portion of the CAF-131 feed stock was transferred to the Australian Nuclear Science and Technology Organization (ANSTO) and subjected to HIP treatments at temperatures of 1250 and 1300 C; these specimens are denoted as HIP-1250 and HIP-1300. Prior to HIPing, the feed stock was calcined at 850 C for 4 h in air. Numerous studies on hollandite have shown that the addition of Ti metal powder before HIPing is an effective means of controlling redox conditions and preventing the formation of watersoluble Cs 2 MoO 4 by reducing Mo 6þ to lower valence states
[33e35]. Ti metal also reacts with TiO 2 to produce Ti 3þ cations, which are then incorporated into the hollandite to facilitate Cs immobilization [9, 34] . In this work, 5 wt% Ti metal was added to the calcined oxide mixture before HIPing; the introduction of Ti metal also enables comparisons with previous research. The material was subsequently loaded into stainless steel canisters and heated in an Ar atmosphere for 2 h under a pressure of 100 MPa. The densified specimens were ultimately sent back to SRNL for characterization.
Phase/elemental identification and microstructural characterization
X-ray Diffraction (XRD) patterns were collected to identify the constituent phases in both melt-processed and HIP samples. The patterns were obtained with a Bruker D8 Advance instrument, while phase identification was performed using the JADE software package. Scanning Electron Microscopy (SEM) images and EnergyDispersive Spectroscopy (EDS) analysis were conducted to investigate microstructural characteristics and elemental speciation in the specimens. SEM images and elemental maps were acquired with a Hitachi SU6600 instrument at the Advanced Materials Research Laboratory of Clemson University; a total sum of 100 at% was assumed for all metallic species when quantifying the EDS results, as the presence of oxygen was detected in all mapping and point scans. Photoemission data were obtained with a Kratos AXIS Ultra DLD X-ray photoelectron spectroscopy (XPS) system utilizing a monochromatic Al Ka source; the take-off angle was 45 . The binding energies were calibrated using the C 1s peak at 284.8 eV as a reference. Deconvolution of the XPS spectra was performed with CasaXPS Version 2.3.18 software.
Leach testing
The durability of the fabricated ceramics was evaluated by 28-day monolith leach tests conducted according to a modified version of Matrix C in the ASTM C1220-10 standard [36] . Monolithic rectangular specimens were polished on their faces with 600 grit SiC paper and placed on Teflon supports positioned at the bottom of 22 mL stainless steel pressure vessels. The vessels were filled with ASTM Type I water collected from an ARIES High Purity Water System (resistivity greater than 18 MU cm), sealed with threaded steel closure fittings, and placed into an oven maintained at a constant temperature of 90 ± 2 C; the ratio of the specimen surface area to leachant volume was 5.9. Surface area was determined according to geometric dimensions measured with a digital caliper accurate to within ±0.02 mm. Leachate volumes of 0.5 mL were sampled from each vessel after 1, 7, 14, and 28 days. Water was not added to replace the leachate volume removed (i.e., the final leachate volume was 2 mL less than when the test started). Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) was employed to measure elemental concentrations in the leachates and the initial concentration of Cs. Aside from Cs, the elemental content in the as-processed (i.e., before leach testing) samples was measured via Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES). Specimens for analysis were prepared by both sodium peroxide and lithium metaborate fusion methods; data were collected in duplicate for each element of interest. The fractional release rate of element i in each specimen (FR i ) was determined according to the following equation:
where C i is the concentration of element i in the leachate (g/L), V s is the leachate volume (L), f i is the fraction of element i in the asprocessed, unleached specimen (unitless), and m s is the sample mass (g).
Results and discussion
XRD analysis
Shown in Fig. 1 are the XRD patterns of CAF-131, HIP-1250, and HIP-1300. As stated above, these specimens were fabricated from identical feed stock mixtures. The patterns from all samples show strong reflections corresponding to the hollandite phase. However, as evident in the inset, the hollandite peaks for HIP-1250 and HIP-1300 are shifted to lower 2q angles. Considering the Bragg relation (nl ¼ 2dsinq, where n is an integer, l is the wavelength of incident X-rays, d is the interplanar spacing, and q is the diffraction angle), a higher content of large Cs and Rb cations in the hollandite phase serves to increase the interplanar spacing and, since nl is constant, a shift in the hollandite peaks to lower 2q angles would be observed; such a phenomenon has been reported in previous work [37, 38] . The above scenario is supported by ICP-MS data obtained for the as-processed samples (Table 2 ). For CAF-131, the high temperature (1675 C) needed to melt the feed stock led to a loss of Table 1 Targeted oxide concentrations for the baseline CAF-131 composition.
* volatile Cs and thus, only about 30% of the targeted Cs content remained upon cooling. In contrast, the closed environment in the HIP procedure limits Cs vaporization, and both HIP samples retained approximately 90% of the targeted Cs concentration after processing. 1 It should be noted that the low concentration of remaining Cs in CAF-131 does not preclude melt processing as a feasible fabrication mode for multi-phase ceramics. In our previous work, approximately 68% of the targeted Cs concentration was retained for Fe-doped hollandite processed using a cold crucible induction melter (CCIM) [39] . The increase in Cs retention when compared to earlier work was attributed to the formation of a cold cap and a reduction in surface-to-volume ratio for the scaled-up process, which contribute to the retention of volatile species [40] . Another aspect of the XRD patterns in Fig. 1 is the difference in intensity between the zirconolite and perovskite peaks for the melt-processed and HIPed specimens. For CAF-131, a strong reflection corresponding to zirconolite is clearly evident at a 2q angle of~30.4 , while only small peaks indexed to perovskite phases are observed in the sample (as is consistent with the low targeted concentration of 2.54 wt% perovskite in the designed phase assemblage). In contrast, the XRD patterns from HIP-1250 and HIP-1300 show lower intensity peaks from zirconolite and stronger reflections from perovskite phases. In previous research on zirconolite fabricated by a solid-state reaction method, a zirconolite-type phase was formed at temperatures up to 1250 C, but the XRD analysis also revealed the presence of several perovskite-type phases [24] . Phase-pure zirconolite was subsequently formed only after heating at 1400 C. Based on the findings of the study, it was suggested that CaTiO 3 -type structures initially form as intermediate phases in the zirconolite system. Consequently, the presence of strong perovskite peaks and weaker zirconolite reflections in the HIPed samples could be an indicator that the reaction to form zirconolite did not proceed to completion.
Secondary phases (i.e., those not targeted for crystallization) were not identified in the XRD patterns of the melt-processed and HIPed samples. For specimens produced under oxidizing conditions (such as CAF-131), attempts have been made to substitute different divalent and trivalent cations for Ti 4þ in the hollandite structure with the goal of increasing the tunnel size and facilitating Cs incorporation [11] . However, such substitutions can lead to the formation of both hollandite and water-soluble secondary phases (e.g., CsAlTiO 4 ) [35] . In contrast, octahedrally coordinated Cr 3þ has the highest crystal field stabilization energy among all geochemically significant 3d n ions [41, 42] . Consequently, it is believed that Cr stabilizes the hollandite phase and thus, appears to be an ideal candidate for improving Cs immobilization. The thermal stability of Cr-doped hollandite, and the resulting effect on Cs retention, has been noted in previous work on melt-processed multi-phase ceramics [43] .
SEM-EDS analysis
SEM images acquired for CAF-131, HIP-1250, and HIP-1300 are presented in Fig. 2(a)-(c) . The melt-processed sample showed large hollandite grains (darker gray areas) surrounded by zirconolite, pyrochlore, and/or perovskite phases (lighter gray areas). Very small regions with an almost black hue were found to consist primarily of TiO 2 . When compared to CAF-131, the HIPed specimens exhibited a more fine-grained microstructure characteristic of a solid-state densification process. Interestingly, raised blackish-gray "islands" of material appeared across the surface of HIP-1300. These Fig. 1 . XRD patterns obtained for CAF-131, HIP-1250, and HIP-1300; the hollandite peak of maximum intensity (2q ¼ 27e29 ) is shown in the inset. The reference peaks used to identify hollandite, zirconolite, and doped perovskite phases are displayed from top to bottom below the patterns; C indicates pyrochlore-type phases. regions are discussed in more detail below.
To better understand the nature of elemental speciation in the samples, EDS maps were generated for the multi-phase ceramics; the results obtained for CAF-131 are presented in Fig. 3 . The Ba and Ti elemental maps clearly indicate the formation of large hollandite grains. Furthermore, Cr, Al, and Fe are not homogeneously distributed within the hollandite. In particular, higher concentrations of Cr are observed at the interior of many hollandite grains, while Al and Fe are found in higher amounts closer to the grain boundaries. This is demonstrated in Table 3 , which shows the measured elemental concentrations at different points within the hollandite grains of CAF-131. While the crystallization process for a given oxide system becomes more complex as additional components are introduced, the gradient in Cr, Al, and Fe concentrations could be attributed to the melting points of the respective metal oxides. As pure metal oxides, Cr 2 O 3 , Al 2 O 3 , and Fe 2 O 3 have melting points of 2432, 2053, and 1539 C, respectively [44] . Upon cooling from a melt, it is possible that Cr-rich regions crystallize into the hollandite phase first due to the higher melting point of Cr 2 O 3 . Ideally, a significant portion of the Cs will be immobilized at this point. The remaining liquid in the system is then deficient in Cr and, upon cooling to a suitably low temperature, the crystallization of hollandite rich in Al and Fe occurs.
Another notable feature of CAF-131 was the close correspondence among Ca, Zr, and Nd in the elemental maps. An analysis of 4 different areas showed that the primary elements in these regions were Ti (62.8 ± 0.31 at%), Nd (10.7 ± 0.44 at%), Ca (9.8 ± 0.55 at%), Zr (7.6 ± 0.45 at%), and Fe (5.1 ± 0.27 at%). In the zirconolite structure, The elemental maps generated for HIP-1250 and HIP-1300 are provided in Fig. 4(a) and (b) , respectively. When comparing the EDS results with those acquired for CAF-131, differences are evident. One of the more obvious features is the appearance of dark, raised "islands" when the HIP temperature was raised to 1300 C. An EDS analysis conducted at 4 different regions showed the composition of some islands to be rich in Cs (58 ± 3.6 at%) and Ti (29 ± 2.4 at%), indicating the possible formation of water-soluble cesium titanate phases. The presence of a Cs-Ti phase is in agreement with the results of earlier work, where it was suggested that partial melting at HIP temperatures of 1300e1350 C results in Cs partitioning between hollandite and a water-soluble intergranular melt phase [35] . There also appears to be a correspondence between Fe and Mo at several locations for HIP-1250 and HIP-1300, implying the formation of Fe-Mo compounds. While an EDS analysis of these areas revealed no consistent Fe:Mo ratio, the concentrations of other metallic elements in these regions (aside from Fe and Mo) were generally low (<5 at%). The varying Fe:Mo ratio across the examined regions could be due to phase/sample/beam interactions and thus, a more in-depth investigation of Fe-Mo speciation in HIPed multi-phase ceramics is warranted. It must be mentioned that a significant contrast in Mo loss was observed among the samples; approximately 72% and 77% of the targeted Mo concentration was retained in HIP-1250 and HIP-1300, respectively, while only~21% of the targeted Mo content was measured in CAF-131. As in the case of Cs described earlier, the low percentage of Mo retained in CAF-131 can be attributed to the volatility of MoO 3 , which sublimates above 700 C [45] .
Also noteworthy is the difference in Ca-Nd-Zr speciation between the melt-processed and HIP samples. As stated above, many regions of CAF-131 were found to contain Ca, Nd, and Zr in comparable concentrations. In contrast, the EDS maps in Fig. 4 indicate that higher concentrations of Zr are found in more localized regions across the HIPed samples. For HIP-1250, the Ti and Zr contents in some areas were found to be 47.0 ± 2.0 at% and 29.9 ± 2.1 at%, respectively (average of 3 measurements); the remaining components were primarily Fe (11.0 ± 0.6 at%), Nd (7.7 ± 0.3 at%), and Ca (4.4 ± 0.5 at%). However, other regions of HIP-1250 contained very high concentrations of Zr (89.6 ± 0.7 at%, average of 3 measurements) with only minor amounts of Ti (7.7 ± 0.2 at%). An extensive analysis of the HIP-1250 XRD patterns was unable to conclusively identify any compounds such as (Zr,Ti)O 4 or ZrO 2 polymorphs, which suggests that these and similar oxides, if present, do not represent a significant portion of the phase assemblage as a whole.
In the HIP-1300 specimen, areas with a Zr content reflective of Zr-Ti-O compounds were not readily observed; an analysis of five regions yielded average Ti and Zr concentrations of 47.1 ± 1.8 at% and 28.1 ± 3.1 at%, respectively; Fe (9.0 ± 0.6 at%), Nd (7.0 ± 0.9 at%), and Ca (3.7 ± 0.4) were also detected. The absence of localized areas with higher Zr content in HIP-1300 can be explained by the higher processing temperatures needed to form zirconolite when dry metal oxide/carbonate mixtures are utilized rather than metal alkoxides.
In previous research, HIP temperatures of 1280e1320 C were employed to form the zirconolite phase from mixtures of metal oxides [46, 47] . Lowering of the HIP temperature is typically achieved through the use of metal alkoxide/nitrate mixtures that are subsequently dried and calcined prior to the HIP treatment. Such a process improves intermixing of the elemental components and lowers the diffusion distance necessary to form a desired phase assemblage [48] . However, when considering the large-scale production of ceramic waste forms, preparation procedures that involve metal alkoxides are less practical due to their higher cost and sensitivity to moisture [49, 50] . With the CAF-131 feed stock prepared in this work, it appears that a HIP temperature of 1300 C is still insufficient to form appreciable amounts of zirconolite and thus, the resulting phase assemblage included a greater proportion of doped perovskite.
XPS results
The Cs 3d XPS spectra obtained for CAF-131, HIP-1250, and HIP-1300 are displayed in Fig. 5 ; experimental data in the deconvoluted region are represented by small open circles, while fits to the peaks appear in red. Deconvolution of the spectra was performed using a 3d 5/2 :3d 3/2 peak area ratio of 3:2 and a doublet binding energy separation of 13.94 eV [51] . As evident in Fig. 5, deconvolution 
Leach testing
Although measurements were made to quantify leachate concentrations for all elements in the batch composition (with the exception of Te), the majority were below instrumental detection limits (<100 ppb Al and Ca, <10 ppb Ti, <20 ppb Fe, <1 ppb Cr, Y, Zr, Cd, Sn, Se, Te, La, Ce, Pr, Nd, Sm, and Eu, and Gd) and thus, only measurable elemental release concentrations will be discussed. The fractional release rates of Cs, Rb, Ba, and Sr for CAF-131, HIP-1250, and HIP-1300 are displayed in Fig. 6(a)-(d) , respectively. While the HIP-1250 sample exhibits lower Cs and Rb fractional release rates than those observed for HIP-1300, both HIP specimens show higher alkali metal release rates when compared to CAF-131. The relatively poor Cs leach characteristics of HIP-1300 are believed to be due to the high HIP temperature, which led to partial melting and the formation of water-soluble Cs compounds. The enhanced leaching of Cs in HIP-1300 is also in agreement with the XPS findings presented earlier, where a Cs 3d doublet appeared at a binding energy more than 3.5 eV lower than that corresponding to hollandite. Although the Ba fractional release rates for CAF-131 and HIP-1250 are quite comparable, a sizable increase in the fraction of Sr release was noted for CAF-131 when compared to those of the HIP specimens. Considering the XRD findings in Fig. 1 , it can be implied that Sr is effectively immobilized in perovskite phases formed during the HIPing. Fractional release rates for Mo in CAF-131, HIP-1250, and HIP-1300 are displayed in Fig. 7 . It is apparent that Mo retention is greatly enhanced in the HIP samples. As stated previously, a correspondence between Fe and Mo was observed in the EDS data obtained for both HIPed specimens. The formation of an Fe-Mo compound during the HIP treatment may serve to limit the leaching of Mo in the multi-phase ceramics. Examining the leach test data as a whole, it can be inferred that an increase in the fractional release of alkali metals from HIPed specimens with the targeted CAF-131 hollandite composition could be due to the delicate balance that exists between the use of sufficiently high HIP temperatures (to produce the proper phase assemblage) and the avoidance of water-soluble compound formation at such temperatures.
Conclusions
Multi-phase ceramic waste forms were produced via meltprocessing and HIP procedures. To facilitate a direct comparison of the fabrication protocols, a composition with a target hollandite stoichiometry of Ba 1.0 Cs 0.3 Cr 1.0 Al 0.3 Fe 1.0 Ti 5.7 O 16 (CAF-131) was manufactured by each method. For HIP samples processed at 1250 and 1300 C, high-intensity peaks from hollandite and perovskite phases were present along with low-intensity reflections from zirconolite/pyrochlore. Considering previous work showing perovskite as an intermediate phase during zirconolite formation, incomplete crystallization of zirconolite likely occurred in the HIP process. Regarding the morphology of the samples, crystallization from a melt yielded microstructures with large hollandite grains, while the HIP samples exhibited more fine-grained morphologies characteristic of a solid-state densification process. Elemental speciation of Cr, Fe, and Al was apparent within the melt-processed CAF-131 hollandite grains, which presented Cr "cores" surrounded by Fe and Al closer to the grain boundaries. Such a phenomenon was attributed to a fractional crystallization process due to the melting points of the respective component oxides. A close correspondence between Ca, Zr, and Nd was noted in CAF-131, suggesting the formation of doped zirconolite/pyrochlore phases. In contrast, Zr was detected in more localized regions across the surfaces of the HIPed specimens. The surface of HIP-1300 also contained "islands" of material rich in Cs. The presence of these islands could be related to the appearance of a lower binding energy Cs 3d doublet that was only observed for HIP-1300.
28-day leach tests were carried out to investigate the durability of the multi-phase ceramics. The fractional release of Cs and Rb from CAF-131 was lower than that detected for both HIP samples. However, the release rate for Sr was higher in CAF-131 when compared to those from HIPed specimens. The retention of Mo was found to be greater in HIP-1250 and HIP-1300 when compared to that for CAF-131. Such a finding may be attributed to the formation of Fe-Mo compounds in the HIP samples. In future research, the relative ratio of targeted phases in melt-processed multi-phase ceramics with CAF-131 hollandite compositions will be varied so as to optimize the leach behavior.
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